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ABSTRACT

Key optical elements for space qualification plans of photonic devices are overviewed. Device parameters and
qualifying procedures were discussed to assure the reliability of newly developed photonic devices needed for
potential usage in space environments. The goal is to gradually establish enough data to develop a space
qualification guideline for devices using empirical and numerical models to assess reliability including the lifetime
degradation of devices for long-term space applications. Optical, electrical and mechanical device requirements of
newly integrated photonic devices (diode lasers and detector arrays) were presented. Monolithically integrated
active pixel InGaAs detector arrays were compared, as examples, with those hybridized with CMOS silicon
multiplexers in terms of their performances and reliability. Adapting the existing fiber optical (1.55 pum)
communication technology, this integration will be an ideal optoelectronic system for dual band (0.5-2.5 ym,
Visible/IR) applications near room temperature for use in geological material research and in atmospheric gas
sensing in space. For target identification on earth, however, there are concerns about the effectiveness of the
device quality, reliability, and prevention of device failure in preparation for multifunctional, transportable
shipboard surveillance, night vision, and emission spectroscopy in air and on Mars terrestrial applications.
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1. INTRODUCTION

A general guideline for qualification of photonic devices (PDs) for space applications is needed but is not available.
The rationale for not publishing a strict qualification standard is the fact that the PD industry is rapidly evolving,
and, therefore, it would not be prudent to set limits on that evolution. In addition, it is not possible to guess the
needs of every system being planned or the reliability requirements of every system. For example, PD users may
request a relaxation of the recommended qualification methodology to lower the part cost if a space mission has a
short expected lifetime or if the total satellite cost is small. Alternatively, very expensive satellites with a long
projected lifetime will normally be qualified to a higher standard than even that recommended in this qualification
guide. The important point is that whenever reliability qualification standards are relaxed, either through the
deletion of some tests, or screens, or by a reduction in the number of parts tested, up-front PD costs are lowered at
the price of increased risk of system failure. This talk addresses the general guidelines.

Prior to qualifying parts for hardware of a specific mission, the mission should be well defined including its
objectives, environments, duration, and any specific conditions or unknown variables as shown in Figure 1.

A mission-critical failure is defined to be a failure that results in the permanent loss of data from more than one
scientific instrument during the mapping phase, loss of the relay capability during the relay phase, the failure to
achieve and maintain the proper orbit or pointing control to within specified tolerances, the loss of science-critical
engineering telemetry required for attitude determination, or the failure to achieve the quarantine orbit (if required)
prior to the end of the mission. Any PDs for specified scientific instruments should be qualified by this general
guideline for the success of the mission. : ‘
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Figure 1. Recommended Qualification Methodology.

2. QUALIFICATION METHODOLOGY

Qualified Manufacturers Listing (QML) programs' with screening procedures use more traditional qualification
methodologies. The steps are (1) Company Certification, (2) Process Qualification (Figure 2), (3) Product
Qualification (Figure 3), and (4) Product Acceptance. Company Certification outlines the procedures and
management controls the manufacturer should have in place to assure the quality of its optoelectronic and photonic
devices. Process Qualification outlines a procedure the manufacturer should follow to assure the quality,
uniformity, and reproducibility of PDs from a specific fabrication process. Product Qualification encompasses a set
of simulations and measurements to establish the optical, electrical, thermal, and mechanical reliability .
characteristics of a particular optoelectronic device design. Lastly, Product Acceptance is a series of tests or
screens performed on the deliverable that is normally practiced by PD manufacturers and their customers to satisfy
high reliability space program requirements and provide a specific reliability and qualification information
pertinent to that particular PD product and a specific space mission environment.

A recommended procedure for acceptance of a few specific optoelectronic device, for example, for previous space
missions is outlined in section 3. Although the methodologies recommended here appear rigid and specific, they
should not be viewed as such. In fact, the qualification methodology not only permits but rather requires both the
manufacturer and the mission manager to determine many of the details. Instead of presenting specifications for
reliability, this talk presents the questions a photonic device user should ask of the manufacturer to assure a
reasonable level of reliability, and at the same time it tries to present to the device manufacturer the methodologies
that have been accepted and practiced by some members of the industry in the hope that a standard qualification
procedure may develop. Furthermore, it should be used with the other qualification methods. The details of this
qualification methodology depend on the type of a specific missions and device being fabricated, and the devices
incorporated into the subsystem, along with the reliability concerns and failure mechanisms, the testability of the
circuit and the effect of the package has on the PD reliability.

A general guideline practice for the space qualification of specific photonic devices is developed and shown based
on a process qualification methodology, exemplifying specific devices as shown in Figuare 2.
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Figure 2. Recommended process qualification.

3. SPACE QUALIFICATIONS

This general guideline covers the provisional plan for photonic devices intended for use in space missions and
critical ground-support equipment applications. The part number shall consist of the number of this specification
followed by t'he,detail specification slash number and applicable dash numbers. The photonic devices shall be the
parts used in space missions, such as laser diodes (single/multiple modes), PIN receiver diodes and transistors,
fibers (single/multiple mode), index guided: p-InP/n-InGaAs/p-InP, opto-couplers, optical amplifiers, and optical

switches.

The major critical variable to qualify the photonic devices is the lifetime defined by the performance of the devices
under a specific space environment, such as operating temperatures, bias current/voltage, output power, spectral
width, and data rates. For example, the lifetime of a laser diode is decreased by half for every 10°C increase of the
operating temperatures (7= exe (E,/ kT) where E,, k, and T are the activation energy, the Boltzman constant, and
the operating temperature, respectively). The primary function of the space qualification of the optoelectronic
devices, specifically in deep-space optical communications, is to provide reliable devices for successful completion
of the mission. This plan then becomes a major document to screen the parts with proper traveler of the device.

The plan should include at least purpose and requirements of management and parts depending upon a specific
device. This section defines specific requirements of optoelectronic parts program recommendations and their

applicability to NASA missions.




The specific space mission Parts Program Engineer (PPE) shall be responsible for the overall implementation and
enforcement of this portion of the Mission Assurance Plan. Only parts of acceptable quality, reliability, and
radiation characterization compliance, as demonstrated through evaluation and/or verified performance, shall be
selected for application in flight equipment. Use of lower quality level parts shall not be allowed without an

approved waiver.
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Figure 3. Recommended Product Qualification.

When, based on technology maturity, development cost and risk, the project decides to implement a Known Good
Die program for hybrid microcircuits and multi-chip modules, a Known Good Die (KGD) program. Whenever
either a standard or nonstandard part fails to fully comply with the standard or nonstandard parts requirements
identified herein, and it is decided that the parts will be used in a flight system, a waiver shall be initiated and
submitted to the Mission Assurance Manager for approval.



Digital logic circuitry (including the microprocessor, microcontroller and all custom designs) for optoelectronic
devices shall be tested. Quiescent current tests shall be based on a set of vectors that will toggle the nodes.
Additional tests shall be conducted that include: 1) operating speed (or maximum testable speed) functional test to
verify all functions of the design and 2). DC and AC parametric test vectors. For mixed-signal digital portions
shall be tested separately from the analog portions; the digital parts will be tested as above. The analog portions
shall be SPICE modeled and tests performed to measure the correspondence of the actual die to the SPICE models.
The designer and the die manufacturer will jointly specify these tests. Each die must meet its analog performance
specifications. As a minimum, these tests shall be performed. Parametric tests shall be performed over the full

operating temperature range of selected missions.”

A minimum sample of available die from each control wafer run shall be packaged, tested and subjected to life test.
Read and record variables test data shall be taken at each test stage of the Life tests; it is anticipated that this data
will be used to verify the Worst Case Analysis (WCA) and to characterize the parameter variations. This
characterization will be used to evaluate the failure model vs. test data.

All parts shall be selected to meet the highest radiation levels available as indicated in the following paragraphs.
All selected parts shall meet the design and manufacturing requirements as specified in a specific space mission
Environmental Design and Test Requirements.

All Parts shall be selected to meet the highest total ionizing dose (TID) levels available. All parts shall be selected
to meet a minimum TID level of 100k (Si) at the die level. Parts not meeting this requirement shall not be used
without an approved waiver. The external radiation environment is specified in the specific space mission Project

Environmental Requirements.

All parts shall be evaluated and reported to JPL for displacement damage sensitivity to assure that parametric
degradation due to displacement damage has been accounted for in the subsystem worst-case analysis. Selected
parts shall have a minimum susceptibility to displacement damage of 10" n/em?” equivalent 1 MeV neutron
fluence. Potentially susceptible parts include but are not limited to optical devices, photodetectors, charge, coupled
devices, optocouplers, light emitting diodes, laser diodes bipolar power transistors and precision bipolar linear
devices. Displacement damage (beyond that associated with total dose) may also be an issue with neutrons and
heavy ions in optoelectronics and certain linear devices.

All CMOS devices (including those with epitaxial layers) shall be subject to latchup evaluation. All parts shali
exhibit no latchup with a linear energy transfer (LET) of 75 MeV-cm*/mg, for example, for Mars missions.

All microcircuits containing bistable elements (e.g. flip-flops, counters, RAMs, microprocessors, etc.) shall be
characterized so that an upset rate or upset probability calculation can be performed. A sufficient number of data
points (a minimum of three) shall be taken to determine the curve of device cross-section versus LET (to saturation

ortoan LET.

All power transistors operated in the off-mode may be susceptible to and shall be evaluated for single event burnout
(SEB) at the lowest application Vg or Vgs. The survival voltage (Vg for bipolar and Vps for MOSFETs) shall be
established. All power MOSFETs operated in the off-mode may be susceptible to, and shall be evaluated for single
event gate rupture (SEGR) at the lowest application Vgs. The established survival voltage (Vps) shall be
established Residual inventory (i.e., heritage parts) refers to parts previously approved and procured for prior flight
Project applications. Residual electronic parts may be used for a specific space mission only if they meet all. All
parts shall be traceable by manufacturer's part number, serial number, and lot date code

Destructive physical analyses shall be performed on a sample of each manufacturing lot-date code for
microcircuits, oscillators, resistor networks, crystals, filters, ceramic capacitors, relays, inductors, and all
nonstandard packaged parts. MIL-C-39010 inductors/transformers shall be sectioned to examine the adequacy of
the termination. The results of the DPA shall be evaluated by the procuring activity and the lot shall be accepted or
rejected based on the criteria of the specification.



Electrostatic discharge damage or degradation may occur in static-sensitive electronic parts during handling of the
parts from procurement through incoming inspection, testing, screening, storing and final assembly/test. To
protect static-sensitive parts from ESD, handling of parts shall be controlled by the requirements.

All hardware-delivering design agencies shall establish and implement a system to review Government Industry
Data Exchange Program (GIDEP) Alerts, take appropriate action, and notify their respective GIDEP Alert
coordinators of significant parts problems that may warrant issuance of new Alerts. Design agencies which do not
presently receive Alerts directly should request distribution from the proper offices. The design agency is
responsible for reviewing all Alerts, and for immediately reporting corrective action for applicable Alerts (i.e. for
parts used in the hardware) to the project. The design agency shall present a report at the Critical Design Review
(CDR), and another at the Pre-Ship Review, that lists all of the Alerts which are pertinent to the parts used in the
flight design, the possible impact should the part fail, and the actions proposed and those taken. It is the
responsibility of the design agency to avoid the use of defective parts in flight equipment.

Failure analysis is required for all part failures that occur subsequent to screening. The only exceptions are parts
damaged by human error (e.g., improper installation). Analysis shall be carried to the point that lot dependency of
the failure mode can be determined. Failure analysis reports shall be written to document the analysis approach,
the determined failure mode and mechanism (i.e., cause) responsible for the failure, and the corrective actions
required to prevent recurrence of the failure.

4. DISCUSSIONS

A manufacturer who has standardized production around a single technology will often qualify the entire
production line. In doing so, the manufacturer attempts to demonstrate that the entire process of designing and
fabricating photonic devices using the stated technology is under its control. In addition, the manufacturer
establishes an optoelectrical performance and reliability baseline for all components fabricated using the process.
This has advantages for both the manufacturer and the user of the photonic device. For the manufacturer, it saves
costs and time on the fabrication of future photonic devices, since the reliability and functional performance of the
components constituting the photonic device have already been established. For the photonic device user, there is a
certain level of comfort in buying parts from a production line with a history of supplying reliable photonic
devices, in addition to the reduced qualification time and therefore delivery time that should be possible.

Process qualification is a set of procedures a manufacturer follows to demonstrate that they have control of the
entire process of designing and fabricating an photonic device using a specific process (e.g., Laser diode, PIN
Detectors, JFET, HEMT). It addresses all aspects of the process including the acceptance of starting materials,
documentation of procedures, implementation of handling procedures, and the establishment of lifetime and failure
data for devices fabricated using the process. Since the goal of process qualification is to provide assurance that a
particular process is under control and known to produce reliable parts, it needs to be performed only once,
although routine monitoring of the production line is standard. It is critical to remember that only the process and
basic circuit components are being qualified. No reliability information is obtained for a particular PD design.

Although process qualification is intended to qualify a defined fabrication procedure and device family, it must be
recognized that the technology, for example InGaAs/InP [1], is constantly evolving, and this technology evolution
requires the continual change of fabrication procedures. Furthermore, minor changes in the fabrication process to
account for environmental variations, incoming material variations, continuous process improvement, or minor
design modifications may be required. All of these changes in the process are permitted and frequently occur
under the direction of the technology review board (TRB). Thus, strict application of the commonly used phrase,
"freezing the production process" does not apply.

The internal documents and procedures used by most manufacturers for process qualification are summarized in
Figure 2. In addition, the QML program [2] provides guidelines for process qualification. The first step in the
procedure is for the manufacturer to determine the family of devices to be fabricated and the technology that will be



used in the fabrication-for example, a 0.5 um, Zn-diffused JFET technology with Si;N; capacitors and various
ohmic contacts. Second, the manufacturer will establish a TRB to control the process qualification procedure.
After all of the processing steps have been defined and documented, the workmanship, management procedures,
material tracking procedures, and design procedures should be documented. '

The qualification process also involves a series of tests designed to characterize the technology being qualified.
This includes the electrical as well as the reliability characteristics of components fabricated on the line. Some of
these tests are performed at wafer level and include the characterization of parametric monitors, Technology
Characterization Vehicles (TCVs), and standard examining circuits. Other tests require the mounting of circuits or
elements onto carriers. All of these tests and the applicable procedures are an integral part of the qualification
program and provide valuable reliability and performance data at various stages of the manufacturing process. The
number of circuits or devices subjected to each test will normally be determined by the TRB and the rationale for
their decision will become part of the process qualification documentation. In general, a higher level of confidence
in the reliability data exists if more circuits are tested, but this is offset by the fact that after a certain level of
testing, the incremental gain in confidence is minor compared to the cost of testing. Since the stability of the
process is being determined as part of the process qualification, the manufacturer will typically fabricate and test
components from several wafer lots. A series of tests that is recommended to characterize the electrical and
thermal limitations of the devices or circuits should be provided. The performance limitations obtained from these
tests often become the basis for limits incorporated into the design and layout rules.

Note that the process-qualification procedure is QML-like and therefore addresses topics similar to those of the
company certification. The major difference is that company certification is performed by the customer, whereas
process qualification is self-imposed by the manufacturer, often before customers are identified.

5. SUMMARY

A few important aspects of optoelectronic device qualification were discussed. First, although the manufacturer is
ultimately responsible for delivering a reliable device, the reliability of the end item deliverable system rests with
the system user. Therefore, it is within both party’s interests to understand the expected both optical and electrical
performance requirements and operating environment of not just the device, but also the system itself. While this
helps the manufacturer select the best technology for the device and deliver a more reliable part, it requires the
device user to share information with the manufacturer. Furthermore, although the organization of the
qualification methodology is representative of what device manufacturers and users currently use, the content of
the qualification process is the essential ingredient. The photonic device user should not discount a manufacturer's
proposal because the manufacturer does not organize its procedures in the same way or use the same terms and
phrases described here.

Key elements of space qualification of optoelectric devices optical were presented. Efforts were concentrated for
the reliability concerns of the optoelectronic devices needed for potential applications in a specific space
environments to develop a qualification plan of newly developed photonic parts. This working model may fit to a
device that is newly developing for a venture business.
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